The present study aimed to elucidate the mechanisms by which hydrogen sulfide (H 2 S) attenuates left ventricular remodeling after myocardial infarction (MI). MI was created in mice by left coronary artery ligation. One group of mice received injections of the H 2 S donor sodium hydrosulfide (NaHS) immediately before and 1 h after ligation, while the control group received saline alone. During both the subacute and chronic stages (1 and 4 weeks postinfarction, respectively), NaHS-treated mice demonstrated attenuation of cardiac dilation in the infarcted myocardium. Furthermore, fewer CD11b + Gr-1 + myeloid cells were detected in the infarct myocardium and peripheral blood from NaHS-treated mice, while more CD11b + Gr-1 + cells remained in the spleen and bone marrow in these animals. NaHS-treated mice also exhibited reduction in cardiomyocyte apoptosis, interstitial fibrosis, cardiac hypertrophy, and pulmonary edema, as well as overall better survival rates, when compared to controls. Thus, exogenous H 2 S has favorable effects on cardiac remodeling after MI. These observations further support the emerging concept that H 2 S treatment might have therapeutic benefits in the setting of ischemia-induced heart failure.
INTRODUCTION
Despite the fact that many novel therapeutic approaches for patients with chronic heart failure have been evaluated in clinical trials, the risk of heart failure following myocardial infarction (MI) has remained high, and effective therapies continue to be elusive 1 . Several studies of clinical and experimental MI have suggested a new possibility, however, by providing compelling evidence that inflammatory signals recruit neutrophils to the infarct zone within 24 h and monocytes/macrophages shortly thereafter 2, 3 . Therefore, understanding the role of inflammatory response in myocardial insult and postischemic scar formation may guide future therapeutic strategies.
Hydrogen sulfide (H 2 S), first described as a physiological mediator in the brain in 1996 and in the cardiovascular system the following year 4 , has drawn considerable attention for its role in various (patho)physiological processes. It is acknowledged as the third gasotransmitter, after nitric oxide (NO) and carbon monoxide (CO), and shares many functions with those gases. H 2 S biosynthesis has been identified in a variety of mammalian tissues, notably in the brain, heart, and gastrointestinal tract, as well as in isolated vascular smooth muscle and endothelial cells and neurons 5 . Three H 2 S-generating enzymes have been characterized in mammals: cystathionine b-synthase (CBS), cystathionine g-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3MST). There is growing evidence that H 2 S-producing enzymes and H 2 S plasma levels are reduced in various diseases [6] [7] [8] . In addition, the role of this gaseous mediator in cardiovascular homeostasis [9] [10] [11] and in various conditions associated with both pro-and anti-inflammatory signaling 12,13 has been elucidated.
We found previously that the exogenous H 2 S donor sodium hydrosulfide (NaHS) has potent anti-inflammatory effects in hearts subjected to acute MI in vivo and that this may be due in part to decreased recruitment of CD11b the innate immune response, are presumed to play an important role in the inflammatory process after MI. In addition, we have shown that NaHS prevents transforming growth factor-b1 (TGF-b1)-induced fibroblast-to-myofibroblast transformation, as well as proliferation, migration, and collagen synthesis 15 . In this study, we investigated the effect of NaHS on subacute and chronic heart failure (1 and 4 weeks postinfarction, respectively) in a mouse model. The results show that NaHS decreases the severity of all outcomes measured, including recruitment of CD11b + Gr-1 + myeloid cells to the peripheral circulation, suggesting that NaHS-induced reduction of heart failure following MI may be due in part to the effect of H 2 S on the innate immune system.
MATERIALS AND METHODS

Animals and Induction of Heart Failure
C57BL/6J mice (20-25 g, male, 8-10 weeks; Slac Laboratory, Shanghai, P.R. China) were housed under standard conditions in a temperature-controlled room with a 12:12-h light/dark cycle. Their diet consisted of normal mouse chow and water ad libitum. This study was carried out in strict accordance with the recommendations in the guide for the Animal Management Rules of the Ministry of Health of the People's Republic of China. The protocol was approved by the Committee on the Ethics of Animal Experiments of Fudan University. All surgery was performed under anesthesia, and all efforts were made to minimize suffering.
Heart failure was induced by permanent ligation of left coronary artery ligation as described previously 14 . Briefly, mice were anesthetized with 2% isoflurane inhalation and then intubated with a 22-gauge intravenous catheter and ventilated with a mixture of O 2 and 1%-2% isoflurane. A left thoracotomy was performed through the fourth intercostal space transversely to expose the thoracic cage. After the pericardium was opened, the left coronary artery was identified and occluded by an 8-0 silk ligature. Successful ligation was confirmed when the anterior wall of the left ventricle (LV) turned pale. Sham-operated animals underwent the same procedure without ligation of the coronary artery. Autopsies were performed on any mice that died during surgery to determine the cause of death. Cardiac rupture was confirmed by the presence of blood coagulation around the pericardial sac and in the chest cavity, and heart failure was diagnosed by lung congestion with chest fluid accumulation.
H 2 S Treatment
H 2 S was administered in the form of NaHS, which was obtained from Sigma-Aldrich (St. Louis, MO, USA). NaHS was diluted in normal (0.9%) saline to the desired concentration immediately before administration by intraperitoneal (IP) injection. Saline was administered in the same manner in the control groups.
Experimental Groups
Four groups were used: (1) sham + saline (n = 12): each mouse received 100 ml of normal (0.9%) saline (IP) 5 min before and 60 min after sham surgery; (2) sham + NaHS (n = 12): each mouse received 1 mg/kg NaHS in 100 ml of normal (0.9%) saline (IP) 5 min before and 60 min after sham surgery; (3) MI + saline (n = 46): each mouse received 100 ml of normal (0.9%) saline 5 min before and 60 min after coronary artery occlusion; and (4) MI + NaHS (n = 46): each mouse received 1 mg/kg NaHS in 100 ml of normal (0.9%) saline (IP) 5 min before and 60 min after coronary artery occlusion.
Survival
Survival rate was calculated for each experimental group as: number of mice surviving at a given time/number of mice that recovered from surgery.
Evaluation of Cardiac Hypertrophy and Pulmonary Edema
Cardiac hypertrophy and pulmonary edema were evaluated at week 4 after surgery for five surviving mice from each group. Mice were weighed and then sacrificed. The hearts and lungs were collected and weighed immediately after collection. Cardiac hypertrophy was calculated as the ratio of heart weight (mg) to body weight (g). Pulmonary edema was calculated as the ratio of lung weight (mg) to body weight (g).
Echocardiography
In vivo cardiac geometry and function were serially assessed by transthoracic echocardiography performed with a Vevo 770 imaging system (VisualSonics, Inc., Toronto, Canada) on weeks 1 and 4 after surgery before the animals were euthanized. Eight to 10 mice from each group were evaluated. Mice were sedated with 1%-2% isoflurane and placed on a heating pad to maintain body temperature. A short-axis view of the LV at the level of papillary muscle was obtained, and at least three consecutive beats were evaluated. LV wall thickness and internal dimensions were measured, and the LV ejection fraction (LVEF) was calculated.
F-FDG Positron Emission Tomography/Computed Tomography (PET/CT) Scanning
PET/CT scanning was performed 1 week after surgery on four mice from each group. Mice were fasted for 12 h but had unrestricted access to water. Following determination of body weights (24.0 ± 5.10 g on average), mice were anesthetized with ketamine (100 mg/kg F-FDG injection, mice were reanesthetized using isoflurane (4% for induction, 1%-2% for maintenance) and were placed on a heating pad to maintain body temperature during data acquisition. The midmyocardial contours for myocardial regions with normal 18 F-FDG uptake and, in the case of the postinfarction scans, for regions with markedly reduced 18 F-FDG uptake implying nonviability were interactively traced. The uptake of myocardial 18 F-FDG [3D regions of interest (ROI)] was analyzed with the Inveon Research Workplace 3.0 software (Siemens Healthcare, Deerfield, IL, USA). The results were expressed as the mean standardized uptake value (SUV).
Evaluation of Apoptosis
To detect apoptosis, LV tissue sections were labeled with terminal deoxynucleotidyl transferase-mediated 2¢-deoxyuridine 5¢-triphosphate (dUTP) nick-end labeling (TUNEL; ApopTag HRP kit; DBA Italia S.r.l., Milan, Italy). The apoptosis rate was expressed as the number of TUNEL-positive nuclei out of the total nuclei per field and was calculated in five random fields for each section. The pathologist who scored the TUNEL results was blinded to the treatment.
Histopathology
Heart tissue collected from four to six mice per group at 4 weeks after surgery was fixed in formalin, embedded in paraffin, and cross-sectioned at 4 mm from base to apex. Sections were stained with hematoxylin and eosin (H&E; Nanjing Jiancheng Biological Engineering Institute, Nanjing, P.R. China) and with Masson trichrome (Nanjing Jiancheng Biological Engineering Institute), which stains collagen blue. Collagen deposition was used as an indication of cardiac fibrosis. Three representative sections of each heart were examined and scored in a blinded manner using ImagePro software (Media Cybernetics, Inc., Rockville, MD, USA). Collagen content was calculated as percentage of blue-stained area in relation to the total heart tissue area.
Transmission Electron Microscopy (TEM)
Myocardium harvested 4 weeks after surgery was fixed with 2.5% glutaraldehyde (Sigma-Aldrich), then fixed with 1% osmium tetroxide (Sigma-Aldrich) and dehydrated in a conventional ethanol gradient. After epoxy resin embedding and deployment of a hardener, accelerator, and growth agent, ultrathin sections with a thickness of 50 nm were cut by ultramicrotomy and stained with uranyl acetate and lead citrate (Sigma-Aldrich) solution. Changes in the myocardial ultrastructure were observed with a JEM-1200EX TEM (JEOL Ltd., Tokyo, Japan). The required area was selected for image capture.
Flow Cytometry for Detection of CD11b
+ Gr-1 +
Myeloid Cells
On 1 and 4 weeks after MI, peripheral blood, splenocytes, bone marrow-derived cells from the femur, and heart were isolated and processed as previously described 14, 16 . In brief, whole blood, spleen, bone marrow, and heart were drawn and subjected to red cell lysis (BD Biosciences, Franklin Lakes, NJ, USA). Single-cell suspensions were made by filtering through a 40-µm strainer mesh, and cells were labeled with fluorochromeconjugated mouse-specific antibodies against CD11b and Gr-1 (BD Biosciences) and were evaluated by multicolor flow cytometry using an LSR II flow cytometer (BD Biosciences). Data were analyzed using FlowJo 7 software (Tree Star, Inc., Ashland, OR, USA).
Measurement of Cytokines
Blood was collected by cardiac puncture at the time of sacrifice. The samples were centrifuged, and the serum was collected. The expression of tumor necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) cytokines were measured using an ELISA Kit (R&D Systems, Minneapolis, MN, USA).
Statistical Analysis
Data are expressed as mean ± standard error of the mean (SEM) unless otherwise indicated. Differences between the groups were compared with one-way analysis of variance (ANOVA) where appropriate with post hoc Tukey test or Bonferroni analysis. Survival rates were compared by the Kaplan-Meier method and analyzed by the log-rank test. Values of p < 0.05 were considered statistically significant. Statistical analysis was performed with Statistical Package for the Social Sciences (SPSS) Statistics 17.0 program (IBM Corporation, Armonk, NY, USA).
RESULTS
NaHS Improves Survival After Permanent Coronary Occlusion
Survival rates for the four experimental groups (sham + saline, sham + NaHS, MI + saline, and MI + NaHS) were determined at various times throughout the 4 weeks following surgery (Fig. 1) . The survival curves were statistically different ( p < 0.05) by log-rank test. At 28 days, the final time point, 23 of 46 (50%) mice in the MI + NaHS group survived, a significantly higher survival rate than the 15 of 46 (33%; p < 0.05) in the MI + saline group.
All sham-operated mice survived throughout the study. These findings suggest that NaHS treatment protects mice from heart failure following coronary artery occlusion.
NaHS Attenuates Cardiac Hypertrophy and Pulmonary Edema Following Coronary Occlusion
Four weeks after coronary occlusion, both mean heart weight-to-body weight ratio (a measure of cardiac hypertrophy) and mean lung weight-to-body weight ratio (a measure of pulmonary edema) were significantly lower in the NaHS-treated group than that in the saline control group ( p < 0.05) (Fig. 2) . Thus, NaHS treatment may also protect from development of cardiac hypertrophy and pulmonary edema in mice after coronary artery occlusion.
NaHS Mitigates Cardiac Dilation and Improves Cardiac Ejection Fraction After Coronary Artery Occlusion
At 1 week and 4 weeks after surgery, a subset of surviving mice were subjected to echocardiography evaluation to determine the degree of left ventricular (LV) hypertrophy, dilatation, and resulting dysfunction (Fig. 3A) . Analysis showed that, at both time points, mice in the MI + NaHS group had significantly lower LV end-diastolic dimension (LVEDD; p < 0.05) (Fig. 3B) and LV end-systolic dimension Cardiac hypertrophy and pulmonary edema 4 weeks after coronary occlusion or sham surgery. The ratio of heart weight (HW; in mg) to body weight (BW; in g) was determined in the four experimental groups (n = 5 per group) as a measure of cardiac hypertrophy (A). The ratio of lung weight (LW; in mg) to BW (in g) was determined in the four experimental groups (n = 5 per group) as a measure of pulmonary edema (B). *p < 0.05, MI + saline versus sham + saline; #p < 0.05, MI + NaHS versus sham + NaHS. NaHS, sodium hydrosulfide; MI, myocardial infarction; NS, not significant; wk, week. (LVESD; p < 0.05) (Fig. 3C) , and significantly higher LV ejection fraction (LVEF; p < 0.05) (Fig. 3D ), compared to the MI + saline group. Thus, exogenous NaHS treatment can have profound reciprocal effects on ischemia-induced heart failure, in terms of both LV structure and cardiac function, in both the subacute and chronic phases.
NaHS Prevents Myocardial Infarct Expansion and Reduces Apoptosis Following Coronary Occlusion
PET/CT images showed that the 18 F-FDG signal within myocardial infarcts 1 week after surgery was significantly lower in the MI + saline group compared to the sham group ( p < 0.05). In the MI + NaHS group, the 18 F-FDG signal Figure 4 . Cardioprotective effects of NaHS as measured by PET/CT and TUNEL apoptosis assay. PET/CT was performed 1 week after surgery. Representative PET/CT images of coronal whole-body slice at the level of left ventricle are shown. Left: horizontal view of the heart; middle: side view of the heart; right: front view of the heart (A). PET/CT standard uptake values (SUV) determined by manual delineation (n = 4) (B). Representative TUNEL assay images (200´) (C) . Quantification of TUNEL-positive cells (percentage of total nuclei; n = 5 hearts per group) (D). Scale bars: 100 µm. &p < 0.05, 1 week post-MI + saline versus sham. *p < 0.05, MI + saline versus sham + saline; **p < 0.01, MI + saline versus sham + saline; #p < 0.01, MI + NaHS versus sham + NaHS. NaHS, sodium hydrosulfide; MI, myocardial infarction; NS, not significant; PET/CT, positron emission tomography-computed tomography; TUNEL, terminal deoxynucleotidyl transferase 2¢-deoxyuridine 5¢-triphosphate (dUTP) nick-end labeling; w, week. was somewhat lower than in the sham group, although not significantly lower, but was significantly higher than in the MI + saline group ( p < 0.05) ( Fig. 4A and B) , suggesting that administration of NaHS leads to decreased infarct size in the subacute phase. To confirm this cardioprotective effect in the subacute phase and investigate effects in the chronic phase, apoptosis in cardiac samples taken 1 and 4 weeks after surgery was quantified using the TUNEL assay. At both time points, the number of apoptotic cells was significantly increased in both MI groups compared to the Sham + saline control group. However, the number of apoptotic cells was significantly lower in the MI + NaHS group compared to the MI + saline group at both time points ( p < 0.05) (Fig. 4C and D) , confirming the cardioprotective effect of NaHS.
NaHS Decreases Collagen Accumulation Following Coronary Occlusion in Mice
Masson trichrome staining and TEM were used to evaluate collagen deposition and fibrosis in heart tissue 4 weeks after surgery. Tissue from MI + NaHS mice showed less collagen deposition than that from MI + saline mice ( p < 0.05), suggesting that NaHS treatment limits interstitial fibrosis in the infarct areas (Fig. 5A-C) . NaHS had no effect on collagen deposition in the sham animals. These observations were confirmed by TEM, which showed that the number of collagen fibers was increased in the connective tissue of hearts from mice in the MI groups compared to sham, and similar to the results with Masson trichrome staining, NaHS treatment reduced the number of collagen fibers in MI mice (Fig. 5D ).
NaHS Affects Recruitment and Migration of CD11b
+
Gr-1 + Myeloid Cells
One important cardioprotective property of NaHS is its inhibitory effect on inflammatory cell trafficking 10 . To determine the specific effect of NaHS on CD11b + Gr-1 + myeloid cells during the subacute and chronic stages of infarction, flow cytometry was used to quantify CD11b + Gr-1 + cells in the myocardium, peripheral blood, spleen, and bone marrow collected from MI + saline and MI + NaHS at 1 week and 4 weeks after coronary occlusion, and from sham + saline and sham + NaHS at 4 weeks after surgery. At 1 week, CD11b + Gr-1 + cell number was significantly increased in the myocardium from MI + saline mice. CD11b + Gr-1 + cell number was also increased in the myocardium from MI + NaHS mice but was significantly lower than in the myocardium from MI + saline mice ( p < 0.05) (Fig. 6A and B) . By 4 weeks after occlusion, CD11b + Gr-1 + cell number had returned to normal in the myocardium from both MI groups. Similar results were observed in peripheral blood (Fig. 6C and D) . CD11b + Gr-1 + myeloid cell number was further evaluated in the spleen and bone marrow. At 1 week after occlusion, CD11b + Gr-1 + cell number was significantly decreased in the spleen from both MI groups, compared to sham control, but the number in the MI + NaHS spleen was significantly higher than that in the MI + saline spleen. At 4 weeks after occlusion, CD11b + Gr-1 + cell number was back to normal in the MI + NaHS spleen but was still significantly lower in the MI + saline spleen (Fig. 6E and F) . Similar results were seen in the bone marrow in the MI + saline group (Fig. 6G and H) .
NaHS Decreases Systemic Inflammation Responses in the Subacute Phase of Infarction
To investigate the effects of NaHS on the inflammatory response, serum levels of TNF-a and IL-1b were measured at 1 and 4 weeks after coronary occlusion. ELISA analysis revealed significant increases in both TNF-a and IL-1b in the MI + saline and MI + NaHS groups 1 week after occlusion, compared with the sham group ( Fig. 7A  and B) , but TNF-a and IL-1b levels were significantly lower in the MI + NaHS group compared to the MI + saline group. At 4 weeks after surgery, TNF-a and IL-1b levels were back to normal in both MI groups.
DISCUSSION
MI leads to an inflammatory response characterized by the generation of proinflammatory mediators and an influx of leukocytes that are necessary to remove necrotic cellular debris and promote recovery of LV contractile function. However, an improperly regulated inflammatory response and pathological LV remodeling could impair LV function and lead to heart failure and death after MI. LV remodeling after MI is the process of infarct expansion followed by noninfarct hypertrophy, which promotes heart failure under the condition of poor prognosis, such as defective infarct healing or excessive infarct size and wall stress. Ample evidence from experimental models of myocardial ischemia suggests that defects in pathways involved in timely suppression, resolution, and containment of the postinfarction inflammatory response result in adverse remodeling of the infarct heart 2, 17, 18 . Despite growing understanding of the chronic inflammatory nature of cardiac remodeling and the fact that strategies targeting mediators of inflammation such as lipoxygenase In recent years, the cardioprotective effects of H 2 S have been demonstrated in various models of myocardial injury. A single administration of H 2 S before, during, or after myocardial ischemia has been shown to decrease myocardial infarct size and attenuate LV dysfunction in both rodents and pigs [22] [23] [24] . Based on these previous studies, the present study focused on the therapeutic role of H 2 S in long-term protection against myocardial injury. + cells is also shown for myocardium (B; n = 6), blood (D; n = 6), spleen (F; n = 6), and bone marrow (H; n = 6). *p < 0.01, MI + saline versus sham + saline; #p < 0.01, MI + NaHS versus sham + NaHS. &p < 0.01, 1 week post-MI + NaHS versus 1 week post-MI + saline. $p < 0.05, $$p < 0.01, 4 weeks post-MI + NaHS versus 4 weeks post-MI + saline. NaHS, sodium hydrosulfide; MI, myocardial infarction; NS, not significant; w, week.
We found that NaHS-treated mice had a higher rate of survival after coronary occlusion, as well as improved post-MI cardiac function, as determined by M-mode echocardiography, less LV dilatation, and decreased pulmonary edema. These findings suggest that H 2 S might be an effective treatment strategy for heart failure induced by chronic myocardial ischemia. CD11b + Gr-1 + myeloid cells are an intrinsic part of the myeloid cell lineage. They are a heterogeneous population composed of myeloid cell progenitors and precursors 25 . The wealth of information that has accumulated in recent years regarding these cells suggests that they might have evolved as a regulatory component of the immune system and probably function as important "gatekeepers" that prevent pathological immune-mediated damage. Although initial observations and most of the current information regarding the role of CD11b . In patients, increased levels of blood monocytes during MI correlate with enhanced LV dilation and adverse outcome 27, 28 . To our knowledge, the present study is the first to demonstrate that H 2 S can substantially reduce mobilization of CD11b + Gr-1 + cells from the spleen and lower their numbers in blood and myocardium after MI. These findings could also suggest that decreasing CD11b + Gr-1 + cell numbers may preserve cardiac function in the remodeling heart, although we cannot exclude the possibility that H 2 S might target other cell types in the healing infarct as well. Thus, H 2 S, with its anti-inflammatory properties, should be investigated as a potential treatment to improve infarct healing.
In this study, mouse hearts subjected to coronary occlusion showed dramatic LV remodeling accompanied by dilation and wall thinning at both subacute (1 week after occlusion) and chronic (4 weeks after occlusion) phases of MI. Increased collagen content was found at the site of MI at week 1 and became more advanced thereafter, with collagen continually accumulating over time and totally replacing necrotic myocytes by week 4. This collagen deposition did not occur in mice treated with NaHS immediately before and 1 h after occlusion. Furthermore, collagen content in the scar of MI mice was increased. H 2 S has been shown to reduce inflammatory cells and protease activity, which likely changes the balance of matrix breakdown and synthesis 29 . In the present study, we observed increased scar thickness, as measured by Masson staining, indicating that improved healing reduced infarct expansion, which then resulted in attenuated LV remodeling and higher ejection fraction in NaHS-treated mice. H 2 S had also been shown to modulate inflammatory cytokines, including NF-kB, IL-6, IL-8, TNF-a, and TGF-b [30] [31] [32] , to attenuate the inflammatory response in MI, which may also influence LV remodeling and heart failure.
Apoptosis has been shown to be one of the major pathological events involved in the development of cardiac hypertrophy and heart failure induced by myocardial ischemia. A growing body of evidence suggests that apoptosis in cardiomyocytes contributes to the progression of heart failure and that chronic cardiac remodeling Figure 7 . NaHS mitigates inflammatory response in the subacute phase of infarction. Serum TNF-a (A) and IL-1b (B) levels were measured by ELISA 1 week and 4 weeks after occlusion for MI + saline and MI + NaHS groups and 1 week after sham surgery for sham groups (n = 6). *p < 0.01, MI + saline versus sham + saline; #p < 0.01, MI + NaHS versus sham + NaHS. NaHS, sodium hydrosulfide; MI, myocardial infarction; NS, not significant; TNF, tumor necrosis factor; IL, interleukin; w, week. with chamber dilation and impaired systolic function is associated with increased myocyte apoptosis in the infarct border zone after MI 33 . In the current study, a significant increase in apoptotic cardiomyocytes was observed under ischemic condition; nevertheless, the extent of apoptosis was significantly lower in the hearts from NaHS-treated mice compared with the saline controls at 1 and 4 weeks after MI.
In conclusion, we have shown that NaHS treatment can regulate inflammatory response, recruitment of CD11b + Gr-1 + cells to myocardium, cardiomyocyte apoptosis, interstitial fibrosis, cardiac hypertrophy and pulmonary edema, LV systolic and diastolic function, and survival after MI. Our findings regarding CD11b + Gr-1 + cells suggest that exogenous NaHS has an impact on the innate immune response after MI, which likely contributes to the antiinflammatory and antiapoptosis effects. Furthermore, this study supports the emerging concept that H 2 S treatment might have therapeutic benefits in the setting of ischemiainduced heart failure.
